precisely what was happening at the lower levels of the motor control system; moreover, it was suggested that a conscious awareness of the spindle afferent discharge would merely confuse the issue, since the spindle discharge was seen as the misalignment signal between the desired and the actual length of a muscle rather than as a signal which was meaningful in itself. This view was forcefully put by Merton when he stated (1964) "until the underlying incompatibility of these two notions is felt one cannot properly appreciate the character of the problems that face us in this field"; the two notions were that muscle spindles could be held responsible first for the stretch reflex and second for position sense. More conservative neurophysiological opinion, without necessarily accepting the servo hypothesis, agreed that the signals from muscle afferents were too complex to be used in position sense (Mountcastle and Powell, 1959; Mountcastle and Darian-Smith, 1968) .
The whole issue became complicated by the tendency to equate the problem of the role of the spindles in somatic muscles with the role of the spindles in the extrinsic eye muscles; these latter can in some respects be studied more readily because there are no joint receptors to bother about, and their study has led to important conceptual advances. A century ago, Helmholtz {see 1925) adduced cogent evidence that the subjective awareness of the direction of the gaze depends not upon proprioceptive discharges from the extraocular muscles, but is "simply the result of the effort of will involved in trying to alter the adjustment of the eyes."
His most forceful argument was that "in those cases where certain muscles have suddenly been paralysed, when the patient tries to turn his eye in a direction in which it is powerless to move any longer, apparent motions are seen." This, he felt, showed that "our judgement as to the direction of the visual axis is formed as if the will had produced its normal effects. .. and since no change has taken place in the positions of the images on the retina of the paralysed eye, we get the impression as if the objects shared the supposed movements of the eye." Sherrington (1900 Sherrington ( , 1918 thought that Helmholtz's arguments were invalid, but later workers have generally failed to feel the force of Sherrington's objections and have preferred to side with Helmholtz. This was particularly so because workers on lower animals subsequently found that surgically rotating the eye (swell fish) or the head (insects) would cause the animal to perform repeated circling movements; these were thought to have as their proper purpose the maintenance of the stability of the world as seen by the animal, but with inversion of the visual image the movements had precisely the opposite effect and so the movements were kept going indefinitely. Sperry (1950) introduced the term "corollary discharge" for the neural activity which he suggested might underlie his own behavioural findings on fish; he did so in the following words:
"Thus any excitation pattern that normally results in a movement that will cause a displacement of the visual image on the retina may have a corollary discharge into the visual centres to compensate for the displacement."
It may be noted that in these experiments on lower animals corollary discharges would have originated from somatic motor centres as well as from oculomotor centres since the movements were of the whole body and not just of the eyes. In the new terminology, Helmholtz's observations in man which had originally been attributed to a "sensation of innervation" were now ascribed to a "corollary discharge" from oculomotor centres to sensory centres.
Von Hoist (1954) used yet another terminology for the same phenomena and talked of a subtractive interaction between an "efference copy" and a returning afferent signal and suggested that "the difference can either influence the movement itself, or, for instance, ascend to a higher centre and produce a perception." In 1960, Brindley and Merton repeated and refined Helmholtz's observations and so established to general satisfaction that the eye lacks position sense. Particularly cogent observations were made on observing the effects of preventing the eye from moving by holding it with forceps. When vision was occluded, movement was believed to have taken place as intended. When vision was preserved, the visual world appeared to move in the direction of the intended movement. Related effects were found when a movement was imposed on the eye by the «xperimenter. With vision occluded, the subject was unaware that movement had occurred as already noted by Irvine and Ludvigh (1936) , whereas with vision preserved the world rather than the eye was felt to move. All this was taken to show that the position of the eye was judged on the basis of corollary discharges rather than on the basis of peripheral afferent discharges. Thus for the last decade it seems to have been universally accepted that the eye is without position sense and that the very numerous muscle spindles in human extraocular muscles cannot influence consciousness. This naturally led to the feeling that the discharges from spindles in somatic muscles may also fail to penetrate to the conscious level. Ironically, however, the recent unanimity over the eye has turned out to rest upon an insecure foundation and very recent work by Skavenski (1971) , published after the present experiments were completed, has entirely reopened the question of the role of the extraocular spindles. By improving the sensory testing procedures Skavenski succeeded in demonstrating an awareness of eye position which appeared to depend upon inflow signals from the muscle afferents rather than from visual information or corollary discharges. His two trained subjects could reliably detect whether, and in which direction, their eyeballs were displaced by the experimenter when vision was occluded and the conjunctiva? were anaesthetized; the displacements were about 10 degrees in extent and were applied via a stalk mounted on a close-fitting contact lens. Moreover, when asked to do so, Skavenski's subjects were largely successful in maintaining the direction of their gaze in spite of the eye being acted upon by a force which would otherwise have produced a displacement of some 5 degrees; again visual and other non-proprioceptive sources of information were excluded as providing the basis for the correction. Skavenski suggested that in the previous basically similar experiments weak proprioceptive sensations might have passed unnoticed because the subjects were untrained and were under "some degree of discomfort or duress." Skavenski's findings, however, in no way interfere with the conventional view that corollary discharges must be postulated in order to explain the stability of the visual world in the face of self-induced movement; but his results do raise the question as to how far corollary discharges contribute to the position sense of the eye, meaning by this the ability of the subject to recognize the direction of the gaze independently of visual clues. In the past these two functionally different roles for corollary discharges do not appear to have been distinguished as would now appear essential.
In the 1950s and 1960s experimental evidence progressively supported the view that somatic spindles resembled extraocular spindles in being without sensory action. At the same time, however, it became apparent that in another respect extraocular spindles differed from somatic spindles in that they were unable to elicit a stretch reflex, be it monosynaptic or polysynaptic in its mediation (Whitteridge, 1960; Keller and Robinson, 1971) . The first direct evidence against a sensory action for somatic muscle afferents was provided by Browne, Lee and Ring (1954) who anaesthetized the metatarsophalangeal joint of the big toe in man by infiltrating it with procaine and found that the subject then became largely unaware of whether or not his toe was being moved when the muscles were relaxed. The procaine would, of course, have paralysed the joint and cutaneous afferents without influencing those from the appropriate muscles, since these lie far away. Thus these results were taken by some to show that muscle receptors made no contribution to position sense, though the authors themselves actually thought on indirect evidence that the muscle receptors provided an important contribution when the muscles acting at the joint were tensed; they did not report, however, any experiments on the anaesthetized toe to support this view. Provins (1958) later performed similar experiments on the metacarpophalangeal joint of the index finger and found that an equally gross impairment of position sense was produced irrespective of whether or not the muscles acting at the joint were tensed, though the interference with kinaesthesia does not appear to have been as great as that previously described for the toe. It passed generally unnoticed, however, that Provins tested position sense only with a single slow velocity of angular movement (0-6 degree/sec), so that his findings could not properly be generalized to rapid movements. A few years later, Butt, Davies and Merton (Merton, 1964 (Merton, , 1970 made the whole hand anaesthetic by inflating a pressure cuff around the wrist and waiting the appropriate time to render it anoxic. It was stated that the top joint of the thumb then became "quite insensitive to passive movements of whatever range or rapidity," and though the experiments were never written up in full this claim was naturally given much weight by subsequent reviewers (cf. Phillips, 1969) .
In previous similar experiments, however, Chambers and Gilliatt (1954) found that in spastic patients the appreciation of passive movements of the fingers was "strikingly preserved" after making the hand insentient and concluded that this showed the "state of contraction of resting muscles is of considerable importance in the perception of movement and posture." In normal subjects, Chambers and Gilliatt found that although making the hand anoxic produced a severe impairment of postural sensation in the fingers yet the loss was not complete; Merton agreed with the finding, but he felt free to disregard it for he believed that it depended merely upon clues to the occurrence of movement derived from the bellies of the long finger flexors nudging against the top end of the pressure cuff where the skin was not anaesthetic. In 1967, Gelfan and Carter fortified what had by then become the orthodox view by pulling upon various tendons exposed via a skin incision in the awake human subject. This failed to produce any "awareness of muscle stretching," though it did produce various sensations, including pain, localized to the site of the skin incision and tendon grasping. It may be questioned, however, whether the condition of their experiments were really suitable for the detection of relatively unobtrusive sensory signals. Their subjects appear to have been experimented upon as a prelude to surgery performed for therapeutic reasons, and in a certain number of subjects over and above the 9 reported upon the tests had to be discontinued "because of undue apprehension, complaints of pain, or with whom communication was unreliable because of language problems." Moreover, they would appear to have concentrated upon asking their subjects whether they experienced "any sensation referable to the muscles" rather than to the relevant joints.
All this human work was supported by animal experimentation performed over about the same period of time and which showed that repetitive electrical stimulation of group I muscle aflFerents with an implanted electrode appeared to be without action on the functioning of the higher cortical levels in the awake animals. First, group I volleys failed to desynchronize the EEG in the way that cutaneous afferent volleys so readily do (Giaquinto, Pompeiano and Swett, 1963) . Secondly, it has so far proved impossible to condition a cat to respond by pressing a bar to group I stimulation (Swett and Bourassa, 1967) . Thus it became the physiological orthodoxy of the 1960s that muscle receptors have no part to play in kinssthesia {see for example: Rose and Mountcastle, 1959; Matthews, 1964; Mountcastle and Darian-Smith, 1967; Merton, 1970; Phillips, 1969) . Some felt that joint receptors should be held entirely responsible for position sense, while others argued that corollary discharges (sense of effort) also played an important part, as they do for the eye (Merton, 1964 (Merton, , 1970 . However, as indicated above, the rejection of a role for muscle afferents was less soundly based than at first sight appeared, and not all workers accepted the conventional line. For example, Paillard and Brouchon (1968) did not do so when they showed that the position of the arm was more accurately perceived when it was actively moved into a new position by the subject himself than when it was passively moved into the same position by the experimenter; they suggested that this might be partly due to a conscious awareness of the differences between the spindle discharges in the two conditions. The present paper describes experiments which argue that the common-sense classical view has been too hastily discarded and that receptors in somatic muscles do contribute to kinaesthesia. The results fall into three parts. First, there is a description of the distortion of position sense which may be induced by muscle vibration and which we have found it convenient to study at the elbow on vibrating either the biceps or the triceps muscle. The distortion is most simply attributed to the vibration-induced discharges of muscle receptors being interpreted by the higher centres as if they were due to muscle stretch, the sensation being referred to the joint as if it were moving in the appropriate direction. The muscle spindle primary endings seem likely to be chiefly responsible for these are far more powerfully excited by vibration than are the other two main receptors of muscle (spindle secondaries, tendon organs; Brown, Engberg and Matthews, 1967 ). This conclusion prompted us to reinvestigate the sensory effects of moving joints when the joint afferents have been paralysed, but while the afferents to some or all of the muscles acting at the joint have been spared. The findings are described in the second part of the paper and show that a measure of position sense may persist after the afferents to the joints of the finger or of the thumb have been inactivated. At the same time, as described in the third part of the paper, we were able to make certain observations on the role of any corollary discharges from motor centres to sensory centres when a limb is moved. These appear to have a different function from those of eye muscles, but one which cannot be neglected once kinaesthesia is held to be partly attributable to the discharges of muscle afferents. Three preliminary notes have already been published (Goodwin, McCloskey and Matthews, 1972a, b, c) .
METHODS
A remarkable feature of the present experiments has been the simplicity of the techniques which have been adequate to display the qualitative features of the responses we have studied. Almost everything that we have noted could profitably be studied in a more quantitative manner, but to have done so in the first instance would have risked obscuring general principles in a mass of detail.
All experiments were performed on normal human subjects. Each of the authors has been the subject for virtually every type of experiment presently described. In addition, some 30 other subjects of either sex have been recruited for one or other type of experiment; some were physiologists, some were technicians, and some were students. This large number of subjects was employed partly because every new experimental procedure was tried out on, among others, a subject who had no previous experience of the experiments. Thus all our experiments have been performed on a range of subjects who varied from the experienced and possibly biased to the completely naive.
The vibration studies were performed on each of the two main muscles acting at the elbow, that is the biceps brachii and the triceps brachii. The vibration was applied to the skin immediately over their tendons at a point just above the elbow. Vibration of biceps probably also affected brachialis, but this is immaterial since the actions of the two muscles are so similar. Two different vibrators have been used with similar results. In most experiments a Pifco Physiotherapy Vibratory Massager (Model No. 1556) was used. This has a vibrating plastic head of 3-5 cm diameter driven by an electric motor. It vibrates at 100 Hz with a maximum peak-to-peak amplitude of movement of about 2 mm; when it was applied to the subject's arm the movement was reduced to about 0-5 mm. The Pifco vibrator was applied to the subject's arm simply by being firmly pressed by the experimenter on to the skin overlying the requisite tendon. In the later experiments we frequently used the vibrator that has been developed in the Department of Clinical Neurophysiology of Uppsala University (TVR vibrator VIA). This consists of a small d.c. motor with an eccentric load which can be strapped to the arm with broad rubber bands thus ensuring a constant pressure of application; a minor disadvantage was that the vibration tended to be transmitted along the rubber bands and so could affect the antagonistic muscle as well as the one intended. This vibrator was also used to produce a frequency of vibration of around 100 Hz with an amplitude of movement of about 0-5 mm.
Measurements of the angle at the elbow-joint were made by recording the potential produced by a potentiometer which was rotated by movement at the elbow. The subject was seated with his upper arms resting on a horizontal support and his forearms free to move in the vertical plane. The axis of the potentiometer was aligned with the axis of the elbow and a rod attached to its spindle. The rod was attached to the subject's wrist by flexible rubber bands and so was constrained to follow the movement of the forearm, but with enough "give" in the system to overcome minor changes in the axis of rotation of the elbow. Permanent records were taken with an Ultraviolet Recorder (S.E. Laboratories, type 3000) and were accurate to about 3 degrees, though the scale was slightly non-linear. Unfortunately, all the records required very heavy retouching for photographic reproduction. In addition, the experimenter, who could, of course, see what was happening, would periodically question the subject on the nature of his sensations and note the answers.
RESULTS

A. Illusions Induced by Vibration
Tracking of a vibrated arm.-A simple way of demonstrating the distortion of position sense which may be produced by vibration is to use one arm to indicate the illusory position of the other. In our original experiments, which lend themselves to ready repetition, this was done as follows. The blindfolded subject sits at a table with his upper arms resting horizontally upon it and with his forearms free to move in the vertical plane and in full supination. One arm is then designated as the "experimental arm" to which vibration will be applied. The other arm is designated as the "tracking arm" and the subject is asked to keep it aligned with the experimental arm so as to provide an objective indication of his subjective estimate of the position of the vibrated arm. Initially, the forearms are held with the elbows slightly short of full extension; this entails the subject contracting his flexor muscles to counteract gravity. He is instructed to avoid voluntarily moving the experimental arm and told that if he should find it moving of its own accord or being displaced by the experimenter then he should make no attempt to oppose the motion but should use the "tracking arm" to show the experimenter what he feels to be happening. Fig. 1 illustrates a qualitatively typical example of how he then behaves on applying vibration to the tendon of the biceps muscle; not all subjects, however, showed such large responses. Shortly after the vibration began the vibrated arm started to move into flexion under the influence of the tonic vibration reflex. This phenomenon is now well known since its independent description in 1966 by Hagbarth and Eklund and by De Gail, Lance and Neilson and is attributed to the excitation of the spindle primary endings by the vibration leading to a stretch reflex type of response, though there is still some uncertainty about the detailed mechanism. The initial part of the reflex movement was not perceived by the subject so that he kept the tracking arm still even though the vibrated arm was moving. After an error of a few degrees had developed he became aware of the motion and began to move his tracking arm also, but to begin with the tracking arm moved more slowly than the vibrated arm so that the misalignment between them increased progressively; in some subjects, however, once the tracking arm began to move it lagged no further. If at any point during the movement the blindfold was removed the subject would invariably express surprise at the position in which he had put himself. Likewise when the vibration was stopped during the course of tracking the subject would immediately realign his arms with tolerable accuracy. Although he was instructed to do this by moving only the tracking arm, some subjects tended to move the vibrated arm also. This was brought about by the reflex movement itself gently pulling tight a long string after the vibrated arm had moved through about 60 degrees; one end of the string was attached to a splint -The effect of vibrating the tendon of the right biceps muscle so as to produce a tonic vibration reflex which moves the arm into flexion. The left arm is used to track the subjectively apparent position of the vibrated right arm. From the arrow onwards any appreciable further flexion of the vibrated arm was prevented by the movement gradually pulling taut a long string which was attached to a splint on the arm and fixed at its far end to an isometric myograph. The top trace shows the resultant recording of tension. The tension calibration in this and all subsequent records applies to the force developed at the wrist. When the arm was fully extended the angle at the elbow was 180 degrees. This and all subsequent records have been retouched. It may be noted that even in the absence of vibration the subject was not completely accurate in aligning his arms; this was typical.
or to a wrist-band on the subject's arm and the other end was fixed. The subject then developed a strong sensation that his arm was being moved in the opposite direction to that in which it had just been moving (i.e. that the movement was changing from flexion to extension); this did not surprise him as he had no knowledge of what was actually happening, and in some trials the experimenter did indeed forcibly extend the vibrated arm. Fig. 1 demonstrates the extent of the sensation of the reversal of movement and its continuation after the reflexly elicited contractile tension had reached a plateau. At the end of the period of vibration the subject had an error of over 40 degrees in the alignment of his forearms, though he still believed that he was successfully managing to keep them parallel. If the reflex contraction of biceps was made isometric from the start then the tracking arm was moved into extension from the very beginning.
Not all subjects, however, would allow such large errors to develop and would stop moving the tracking arm after a smaller displacement. When questioned, they would sometimes state that they could still feel it moving into extension but knew that it could not really be doing so, and so did not continue to track it. Others would keep the arm still and express themselves satisfied with the match. Yet others would move the tracking arm backwards and forwards and say that they could not decide what was happening; possibly they were confused because they were receiving incompatible evidence from different sources and were sometimes responding to one and sometimes to another. When in fig. 1 the vibration was stopped the subject immediately became aware of his error and made the appropriate correction. The magnitude of the misjudgement that a subject may make of the position of his arm during vibration FIG. 2.-Posed photograph to illustrate the magnitude of the difference in position of the vibrated and the tracking arm that can occur while the subject believes he is managing to keep them aligned. The photograph shows the position of the arms as they were at the end of the period of vibration in fig. 1 . The scale is marked in tens of degrees. is emphasized in fig. 2 which shows the position reached at the end of fig. 1 after the reflex movement had been arrested.
In two subjects, vibration regularly failed to elicit a reflex contraction and each felt that his arm moved in the opposite direction to that in which the reflex would have taken it, just as if the reflex had been arrested from the very beginning. Several other subjects had a similar sensation when the vibration was turned on, and before any appreciable reflex movement had occurred, but, any such initial apparent movement preceding and in opposition to the real movement was usually too transitory to be tracked. Fig. 3 illustrates the analogous experiment on the triceps muscle. In this case the tonic vibration reflex induces an extension rather than a flexion and so the illusion is the mirror image of that just described on vibrating biceps. But in principle the sequence of events was just the same.
First, the movement was tracked with a lag. Secondly, when the vibration-induced movement was checked the tracking arm reversed its direction of motion. On vibrating triceps the arm was in our standard tracking position with the biceps resisting gravity as in fig. 2 and the triceps initially relaxed. The same results were obtained on vibrating triceps while it itself was being made to resist a steady pull by loading the arm at the wrist with 500 g wt by suspending a weight over a pulley. The greater rapidity of the reflex movement in fig. 3 in comparison with that of fig. 1 is probably because the movement of fig. 3 was being assisted by gravity rather than opposed by it. One or two of our subjects spontaneously commented that at the very beginning of vibration of the triceps there was a feeling of the whole arm being elevated at the shoulder as well as the more usual feeling of flexion at the elbow. This presumably occurred because the long head of triceps arises from the scapula, so that afferent activity arising from this component of triceps might be expected to be -The effect of vibrating the tendon of the right triceps muscle so as to produce a tonic vibration reflex which moves the arm into extension. The left arm is used to track the subjectively apparent position of the vibrated right arm. From the arrow onwards any appreciable further extension of the vibrated arm was prevented by the movement gradually pulling a string taut which was fixed at its far end to a myograph. referred to both joints. Biceps, of course, is a supinator as well as a flexor of the elbow but we did not come across any examples of subjects reporting any feeling of pronation on vibrating biceps.
A degree of uncertainty in the interpretation of the above experiments arises from the slightly contradictory nature of the instructions given to the subject. On the one hand, he was told to hold his arm still initially. On the other hand, he was told not to interfere with any reflex movement that he should find occurring spontaneously. Thus it is possible that the moment he perceives that the arm is moving the subject alters his voluntary motor discharges in some way and with it any corollary discharges from motor centres to sensory centres; it might, therefore, be suggested that the illusory sensations result from a change in voluntarily elicited corollary discharges rather than to the direct effect of the vibration-induced afferent input itself.
This objection was circumvented in control experiments in which the subject started with his arm resting passively against a stop, and so avoiding the need for any initial voluntary contraction. He was then told that the vibration might induce an involuntary reflex contraction and that if it did so he was to let the reflex proceed without voluntary interference. This gave the same results as before, in that the subject failed to perceive the initial part of the reflex movement and that he reversed the motion of the tracking arm when the reflex was obstructed. But now a new complication arose, namely that the subject inevitably became aware at the very beginning of the reflex movement that it must be taking place because he felt his arm ceasing to make contact with the supporting stop on which it initially lay; this was so even though the arm itself did not touch the stop but only did so through a splint which moved with the arm.. This difficulty was overcome in three further control experiments in which the subject's hand was made insentient by anoxia and in which the hand rather than the arm made contact with the stop. Thus he was deprived of any cutaneous clues as to when the arm started to move. The same results were still obtained. One such case is illustrated in fig. 4 .
Evidence that vibration acts through exciting intramuscular receptors.-Passive movements imposed on the subjects by the experimenter could, of course, be tracked with a much higher degree of accuracy than were reflexly induced movements of similar velocity. This was equally true when the experimenter moved the subject's arm while the joint was being vibrated, thus excluding the possibility that the failure to detect the reflex contraction arose merely from a non-specific desensitization of the joint afferents, or of their central pathways, as a result of the vibration. This is illustrated in fig. 5 . It is notable, however, that the subject's ability to follow a change in position was appreciably better than his ability to reproduce the absolute position of the passively moved arm; this was usual both in the presence and absence of joint vibration. The subjects did not experience any significant local cues from pressure, etc., to guide them in the passive tracking, for similarly good performance was obtained when the hand was made insentient by anoxia and the experimenter applied the force required to move the arm to the hand rather than to a sphnt running along the arm. Likewise, the illusion of reversal of motion on arresting the reflex movement persisted when the resisting force was applied to the hand after it had been made insentient, as already illustrated in fig. 4 .
Biceps tension
FIG. 4.-Typical tracking errors like those already illustrated but now occurring in the absence of any preceding voluntary contraction and in the absence of peripheral cues from the hand as to the forces applied to the limb. The right arm was initially supported by the hand lying upon a sandbag so that the subject did not have to exert a voluntary effort to maintain its position. The right biceps was then vibrated so as to produce the usual tonic vibration reflex. As before, after the limb had traversed a certain distance its movement was arrested by the pulling tight of a string which was applied to the hand. In this case, however, the hand had been made insentient by a prolonged period of anoxia so the subject had no cutaneous clues as to when his arm started and stopped moving. The termination of the tracking movement before the end of the vibration is probably due to the tracking arm then being nearly fully extended. The tracking of movements which were passively imposed on the subject during vibration of the elbow-joint but not of the muscles. The right arm was moved by the experimenter and the subject was asked to track it with his left arm. The experimenter held a splint on the subject's arm and not the arm itself. Same subjects as figs. 1 and 2. The Pifco vibrator was pushed against the lateral side of the elbow throughout.
The illusions may be attributed to the excitation of intramuscular receptors rather than of extramuscular receptors, since there was no sign of them when the vibrator was applied directly over the elbow-joint or to regions of skin overlying bone. The possibility of the illusions being mediated by joint receptors was further eliminated by finding them for the thumb after its joint afferents had been inactivated by making the whole hand anoxic. Vibrating the tendon of flexor pollicis longus in the region of the thenar eminence then gave rise to a sensation of extension of the thumb, and vibrating the tendons of extensor pollicis longus and brevis at the base of the thumb gave a sensation of flexion, without in either case eliciting any obvious reflex contraction or producing a sensation of the hand itself being vibrated. Again, the apparent movement was in the direction of stretching of the particular muscles which were being vibrated, just as seen on vibrating biceps and triceps when movement was obstructed. It should be noted, however, that applying vibration to the same regions of the normally sentient hand usually failed to produce a clear-cut illusion of the thumb moving in any particular direction. This is probably because the vibration spreads through the hand to excite receptors in muscles with opposing functions.
In all cases studied the vibration-elicited afferent discharges induced, directly or indirectly, the illusion that the vibrated muscle was more stretched than it actually was. As will be discussed later the illusion seems to be primarily one of a continuing movement rather than one of the limb taking up more or less rapidly a new position. The muscle spindle primary endings may be suspected to be chiefly responsible, since they are far more powerfully excited by vibration than are any of the other muscle receptors (Brown, Engberg and Matthews, 1967) . However, both the Golgi tendon organs and the spindle secondary endings do show some sensitivity to vibration and so it is impossible to say whether or not they were contributing to the development of the illusions.
Illusions in the absence of muscle contraction.-The experiments described so far are all compatible with the view that the vibration-induced muscle afferent discharges were perceived by the sensorium and treated as if they were due to stretch of the vibrated muscle. At the time we first performed the vibration experiments this suggestion appeared to be heresy, and so we attempted to reconcile our findings with the orthodox view by laying stress on the fact that the illusions had been observed during centrally induced muscle contraction (Goodwin, McCloskey and Matthews, 1972a) for there would not then necessarily be any conflict with the view that passive stretch of a non-contracting muscle did not elicit a sensation. However, we have now repeatedly observed illusions of movement when the vibrated muscle was not contracting.
The first situation which we studied systematically was that in which the triceps muscle was used to develop a constant extension force against a stop, and the flaccid biceps then vibrated.
The subject was given an oscilloscopic display of the tension that he was producing and asked to keep the tension constant in spite of the vibration of the muscle which was antagonistic to the contracting one; during the biceps vibration the subject had to try harder to maintain the triceps contraction, presumably because he then had to overcome an inhibition of the triceps motoneurons by the la discharges from its antagonist. As before, the subject was asked to use his other arm to track any movement that occurred of the vibrated arm. The pull of the arm was resisted by a string connected to a myograph and so it did not appear implausible to the subject that his arm might indeed be allowed to move; he was, of course, unable to see his arms.
The strength of the triceps pull was usually below half of the maximum value that the subject could exert, but the precise value was immaterial and similar results were obtained with widely different tensions. Fig. 6 illustrates that an illusory sensation of movement still occurs under these conditions and that on vibrating biceps the arm was felt to extend as if the biceps were being stretched. The same result in principle was obtained in the converse experiment of vibrating the triceps muscle while the biceps was voluntarily contracting. The arm was then felt to flex as if the triceps was being stretched.
The vibrated muscle was found not to develop any significant tonic vibration reflex under these circumstances in which its antagonist was being voluntarily driven to produce an appreciable proportion of its maximum tension. Presumably the reflex was inhibited by a combination of descending motor activity and reflexes from the contracting muscle. The absence of contraction was judged by the simple procedure 
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Angle at elbow FIG. 6.-The tracking of the illusory sensation of movement which was induced by vibrating a muscle that was relaxed while its antagonist was forcibly contracting isometrically. The right arm was used to produce a constant force in the direction of extension by contraction of the triceps muscle. The biceps was then quite flaccid. The vibration was applied to the right biceps and the left arm used to track the resulting illusion of movement of the right arm. The subject was given a visual display of the tension he was producing and was asked to maintain the same tension throughout, in spite of the disturbing effect of the vibration. of palpating the vibrated muscle which was found to remain quite flaccid. The efficacy of palpation as a method of detecting weak contractions was established by asking the subject to make voluntary contractions of a variety of strengths. This showed that a contraction developing only 2 per cent of the maximum tension that either muscle could produce could be readily detected by palpation, and also by seeing the muscle become bunched up.
The above experiment, however, does not entirely eliminate the possibility that the occurrence of a muscle contraction is a prerequisite for muscle afferents to be able to influence perception. The vibrated muscle itself was not contracting but its antagonist had been deliberately made to contract rather forcibly. It seems possible that a higher centre that is supposed to require a contraction in order to be able to come into action might view the elbow-joint as a whole, and be influenced by whether or not a contraction is occurring in any of the muscles acting at the joint and is unconcerned by whether it happens to be in flexors or extensors. This was made unlikely by the response of some subjects in the standard original experiment of tracking the reflex movement when the hand was initially lying on a stop. Some subjects then reported a movement in the direction of extension of the vibrated muscle, that is in the opposite direction to any subsequent reflex movement, before the hand began to move and while all the muscle may be presumed to have been relaxed. Moreover, as already mentioned, two subjects never developed a reflex contraction but still had illusions of movement.
The irrelevance of muscle contraction as a prerequisite for the illusory sensations was more systematically demonstrated by placing the subject's arms in the horizontal plane so that movements at the elbow were no longer influenced by gravity.
The upper arm lay horizontal on boards at chest level and the forearms were supported in slings, which were hung from the ceiling by cords. The elbows could then move freely and the arms had little or no tendency to come to rest in any particular position. Any such slight tendency could, if required, be resisted by the experimenter gently pulling upon the sling so as to hold the elbow in any desired position; alternatively, a slight balancing force could be provided by a light weight acting via a pulley. Thus the subject could allow his arms to lie quite relaxed. As before, the development of a contraction on vibration could be detected by palpation, but in addition even a very weak contraction would signal its occurrence by causing a movement of the forearm with its sling. A force of 0-1 kg wt was sufficient to displace the relaxed arm, whereas either the biceps or the triceps can develop a force of over 10 kg wt (expressed as a force at the wrist) so that we should have been able to detect contractions of only 1 per cent of the maximal value provided that they were maintained for long enough to produce a visible movement.
We also endeavoured to check on the absence of contraction by recording the electromyogram of the biceps or triceps with surface leads. Unfortunately, the vibration induced various artefacts, probably mostly due to movement of the electrodes, and so electromyography proved to be a much less sensitive method of detecting a small contraction than did the two simpler methods. Thus we did not employ it systematically to see whether or not the vibrated muscle was contracting for we had no confidence in our ability to detect small contractions. Under these conditions and using the Uppsala vibrator it proved readily possible by lowering the driving voltage to produce a vibration which did not elicit any reflex contraction, but which still produced sensations of movement (lowering the voltage here decreases both the frequency and the amplitude of the vibration). The sensation was again one of the elbow moving in the direction that it would have if the vibrated muscle had been stretched, as had been previously seen in some subjects in the vertical tracking position before the development of the reflex; the absence of a reflex producing a genuine movement in the opposite direction allowed the illusory movement to be experienced far more vividly than it was when it was abruptly cut short by the real movement. In the horizontal position the illusion could continue for a minute or more {see later). The illusion was observed for both biceps and triceps, and was so clear cut that we did not deem it worth altering our recording arrangements so as to be able to make quantitative measurements on asking the subject to track the illusory movements with his other arm; however, we regularly asked the subject to track the movements so that we could have a further indication that they were indeed experiencing illusory movements. The best results were obtained when the elbow was put in such a position that the vibrated muscle was near its physiological maximum length, for it was then easiest to adjust the vibrator so as to produce vivid sensations without eliciting a reflex contraction. Thus it may be concluded that there is no need for there to be a maintained muscle contraction in order for vibration to be able to produce maintained proprioceptive illusions.
Effects of varying the state of contraction.-It should next be emphasized that although the illusion can be produced in the absence of muscle contraction it -The production of the usual illusory sensation on vibrating a muscle which was already contracting voluntarily and whose activity was voluntarily modulated so as to maintain the same tension throughout. The right arm was used to produce a constant isometric force in the direction of flexion by contraction of the biceps. The vibration was then applied to the biceps and the subject asked to use his other arm to track the resulting illusion of movement. develops perfectly clearly during muscle contraction. Its occurrence on development of tension under isometric conditions after arresting the movement induced by the tonic vibration reflex has already been amply illustrated. Fig. 7 demonstrates the occurrence of the illusion when vibration is applied to a muscle which is making a voluntary isometric contraction that is maintained at a constant strength by visual feedback. As usual the subject felt that the vibrated muscle was being extended. To begin with, contraction was entirely voluntarily initiated; but as the vibration took effect so some of the contraction may have been produced by the tonic vibration reflex with the subject correspondingly reducing his voluntarily maintained central drive. Under isometric conditions there did not appear to be any particular interference between moderate muscle contractions and the development of the illusion of a movement in the direction of extension of the vibrated muscle. Under isotonic conditions, the occurrence of a contraction appeared to interfere with the illusion, but this was probably merely because the genuine reflexly elicited shortening of the vibrated muscle counteracted the illusory sensation of its being stretched. Indeed, in a few cases the difference between the velocity of movement of the vibrated arm and that of the tracking arm seemed to be very much the same during the initial shortening phase of isotonic tracking as it was in the subsequent isometric phase, when the movement was obstructed in experiments such as those of figs. 1 to 4. But the experiments were not performed in a suitable way to put this impression on a firm quantitative basis, and many subjects did not show tracking movements at as constant a velocity as those illustrated. Moreover, it should be noted that the muscle spindle afferents are likely to be less responsive to the vibration while the muscle is shortening than they are when the muscles are isometric; thus the total amount of afferent excitation is likely to be different in the two cases.
There was nothing crucial about the particular tensions employed to demonstrate the effects, for both under isometric and under isotonic conditions the illusion of the vibrated muscle being extended was well developed for a range of tensions, provided that these were only of moderate extent. But a sufficiently strong voluntary contraction was found to abolish the illusion. This could be shown either isotonically by loading the arm with weights by a pulley and asking the subject to maintain the position of his arm, or isometrically as in fig. 7 .
For example, in one particular case one of our trained subjects was instructed to perform the standard isotonic tracking experiment while holding up a weight of 6 kg. On vibrating his biceps tendon he then made no movement at all of either of his arms and, moreover, spontaneously expressed surprise that the turning on of the vibrator had failed to produce the usual sensation of movement to which he had become accustomed. Similar results have been obtained on vibrating the contracting triceps, but when biceps was vibrated while triceps was contracting as in fig. 6 the illusion persisted however strong the contraction.
It seems likely that this absence of an effect on vibrating a strongly contracting muscle is due to a voluntarily induced fusimotor firing activating the spindle afferents so powerfully that they are already firing at around 100/sec and so are not appreciably further excited by vibration at 100 Hz (similar considerations would apply if the tendon organ were to be responsible for the illusion so this particular observation The effect of vibration applied to an arm that the subject was using to make a voluntary movement. The left arm was moved by the experimenter to provide a reference and the subject was asked to track it with his right arm. During the periods indicated vibration was applied to the biceps of the right arm which was the one which was being moved voluntarily. This caused the subject to position the vibrated arm so that it was unduly flexed with regard to the reference arm, that is so that its vibrated muscle was unduly short. This occurred irrespective of whether the vibrated arm was being moved into flexion or extension, although the effect was more dramatic when the arm was being moved into extension. The arm was moving in the vertical plane with the upper arm lying horizontal so that the biceps muscle will have been contracting throughout.
does not of itself discriminate between them and spindles as the causative receptor). Incidentally, the absence of an illusory sensation under these conditions provides a further control that the effect depended upon intramuscular receptors since only these should have been so markedly affected by the strength of the contraction. Distant pacinian corpuscles, for example, would presumably be powerfully excited by the vibration irrespective of whether the muscle was contracting and at what strength.
Distortion of position sense during voluntary movement of vibrated limb.-So far described have been a distortion of kinajsthesia occurring in the following conditions: in the absence of contraction, during steady isometric contraction of the vibrated muscle or of its antagonist, and during reflex movement under isotonic conditions. The following experiment shows that the illusion occurs equally during a slow voluntary movement. The experimenter moved one arm, the reference arm, backwards and forwards at a slow constant velocity. The subject was asked to follow it with his other arm, the experimental arm, in the usual way as in the previous experiments (figs. 1 to 3). In this case, however, the arm which was doing the tracking was vibrated. As shown in fig. 8 , during the vibration the experimental arm came out of alignment with the arm it was meant to be following, and as usual it appeared to the subject that the vibrated muscle was longer than it actually was. This effect was most obvious when the vibrated muscle (biceps in this case) was gradually reducing the strength of its contraction and letting the elbow extend, but was also seen when the biceps was shortening. The asymmetry of fig. 8 was the usua) state of affairs including when the arm was loaded with a weight over a pulley so that biceps was necessarily contracting at all positions of the elbow and the triceps relaxed. When the same experiment was performed during rapid movements the subject found it very hard to move his vibrated arm in conjunction with the reference arm. This seemed to be due more to an interference with motor action rather than to interference with position sense, and all subjects expressed dissatisfaction with their performance at tracking under these conditions. The most notable finding was that in comparison with the moved arm the amplitude of voluntary excursion of the vibrated arm was grossly reduced, and this occurred mainly through a failure of the vibrated muscle to relax to the normal extent. For example, when biceps was vibrated extension was markedly incomplete but flexion of the vibrated arm took place to somewhere around the correct final value. When the vibrated arm was moved in a series of suddenly applied steps, rather than continuously, the tracking arm was usually consistently misplaced in the direction of stretch of the vibrated muscle. Sometimes, however, a subject managed to achieve moderately accurate tracking over part of the range in spite of the vibration. This was usually when the movement was such as to allow the vibrated muscle to shorten, and may thus be related to the ability of the subjects to make moderately accurate fast movements in the shortening direction, as just noted.
In slow tracking movements like that illustrated in fig. 8 the subjects were invariably thrown into error by the vibration even though they were convinced that they were managing successfully to maintain their arms in alignment in spite of the vibration. Thus during slow movement there would undoubtedly appear to be a vibrationinduced distortion of position sense over and above any reflex interference with normal motor control.
Measurement of latency of illusion.-The greater clarity of the illusory sensations in the absence of contraction in the horizontal position enabled us to establish an upper limit for the latency of the development of the illusory sensation.
One arm was vibrated in the usual way while in his other hand the subject held a push-button with which he was asked to give a signal the moment he was certain that he was feeling a movement. This required him to distinguish between an awareness of movement itself and an awareness simply that the vibrator had been turned on. He was asked to set his threshold for the detection of movement at a fairly high level, as if he were going to be punished for any incorrect positive answers. The time of onset of the vibration and the subject's response were recorded on moving paper from which the "reaction time" could be determined to within 50 msec. Nine out of the 11 subjects studied in this way signalled that they experienced a sensation of movement in 0-30 to 0-65 sec after the vibration started, and 5 of them stated that they became aware of the movement as soon as they felt the vibrator had been turned on. (The 2 remaining subjects had weak illusions and reaction times of just over 1 sec.) Measured under similar conditions the reaction time to simply being aware that the vibrator had been turned on was 0-15 to 0-30 sec and may have depended upon auditory clues as well as upon awareness of the vibratory sensation itself.
The above figures apply to the median values of the latencies obtained in a number of trials for each subject. The latency measured in this way seems unlikely to give a true indication of the minimum time required for the subject to perceive the illusory sensation, but may rather reflect the requirement for the subject to discriminate between the occurrence of vibration, which must have excited many kinds of receptor, and the occurrence of a sensation of movement, which seems likely to have depended upon the excitation of just one kind of receptor, namely the spindle primary ending. Moreover, the illusory movement probably had to build itself up to a finite size before the subject was certain enough of its existence for him to be prepared to give a positive answer. Our suspicion is that under more favourable conditions the excitation of the receptor responsible for the illusory movement would lead to a response at appreciably shorter times than those presently measured, and that there need be no particular slowness in the development of the sensation itself. This view is supported by the finding that brief bursts of vibration of 0-1 to 0-2 sec duration were experienced as producing a movement, although the subject could only report that a movement had occurred well after the vibration had stopped. The latency needed to start tracking a vibration-induced sense of movement was usually somewhat longer than that required simply to signal its occurrence. This is probably merely due to the greater complexity of the tracking task which involves an assessment of the velocity of the apparent movement of the vibrated arm and its reproduction by the motor system.
How far is the illusion one of a false movement and how far one of a false position?-To introspective analysis, the awareness that a limb is moving and the awareness of its absolute position seem to be readily separable sensations. But in most practical situations the sensations tend to be intertwined, for any movement must lead to a new position, and a new position can only be achieved by movement. The extent to which movement signalling and positional signalling are separate entities in the internal language of the nervous system remains to be unravelled by future work. Things do not necessarily work in the common-sense way. For example, in the visual world it is possible to experience a continuing movement of viewed objects without the development of any change in their apparent position. This happens in the socalled "waterfall illusion" which occurs when the gaze is transferred to a static field of view after being fixed on a moving object such as a waterfall. Its existence suggests that there are separate central mechanisms concerned with signalling movement and with signalling absolute position (McKay, 1970) , although, of course, the individual photoreceptors are not specialized in any such way. For kinaesthetic sensation it would be the simplest for the physiologist if its different subdivisions were subserved by functionally distinct receptors, rapidly adapting ones for signalling movement and slowly adapting ones for signalling position, but the spindle primary ending, with which we are currently particularly concerned, cannot be meaningfully said to signal either movement or velocity for it responds to both stimuli, and its frequency of discharge at any time depends upon their combination. What the central nervous system makes of the mixed signal depends entirely upon how it goes about its internal business. If an analysing centre is restricted to observing the instantaneous value of the spindle primary discharge it can do nothing to separate the length and velocity components of the stimulus. But if it is endowed with a certain amount of memory, or if it is given access to information from other types of receptor which differ from the spindle primary in their relative sensitivity to length and velocity stimuli, then in theory the centre should be capable of disentangling the relative values of the two. Thus if vibration be supposed to be having its main kinaesthetic effects by exciting the spindle primary endings then the nature of the kinaesthetic sensation evoked by vibration will depend upon the behaviour of the central decoding mechanisms. In point of fact, it looks as if the false messages induced by vibration are to some extent taken to mean both that the muscle is in the act of being stretched at a constant velocity, and also it is in the state of being significantly more extended than it actually is.
False velocity sensations:
The first reason for thinking that the vibration-induced discharges are interpreted as partly due to a false velocity of movement is that this is what some subjects report when they are asked what they are primarily experiencing in the tracking experiments. Moreover, even when they have brought their tracking arm to a constant position while the vibration is continuing some subjects may state that they can still feel the vibrated arm moving, but they know that it would be wrong to move their tracking arm any further as the arms would then be misaligned. This seems to be because they are receiving alternative clues about the position of the two arms other than from the receptors which are excited by vibration, and at some point they prefer to accept the evidence from the alternative sources and refuse to follow the apparent movement any further. Alternatively, others may state that they have "lost" the position of the vibrated arm and move the tracking arm backwards and forwards to try and find it. Or again, after tracking for some distance they may become aware that they are no longer properly aligned and return the tracking arm somewhat, though rarely as far as its correct position, and then start tracking the velocity signal once more.
A simple example of preferring non-vibration clues occurs when the subject moves his tracking arm into an extreme position at a time when the vibrated arm is being held by the experimenter somewhere in the middle of its range {see fig. 4 ). If the experimenter restores the tracking arm to the correct alignment at a time when the subject is refusing to move it further then the subject is once more prepared to follow the false movement. Again, as illustrated in fig. 9 , if the subject -The persistence of the illusion of movement for a very prolonged period. The right biceps was vibrated in the usual way under isometric conditions after initially moving freely, while the left arm was initially held in alignment with it by the experimenter. After the vibration had been continued for a full minute, when the reflexly induced tension had been constant for over 20 sec, the experimenter released the subject's left arm and asked him to track any continuing movement that he was still experiencing of his vibrated arm. The velocity of the resulting tracking movement was then very similar to that seen at the beginning of the period of vibration in other trials with the same subject.
was prevented from tracking for a full minute after the vibration was turned on he still felt that his arm was moving at the end of the minute. If the vibration had induced a sensation simply that the arm was in a certain position, albeit normally achieved with a certain lag, then the subject might have been expected to move his arm smartly to the new position which was indicated by the particular frequency of vibration being employed. Instead he made a tracking movement of very much the same velocity as he did when he was asked to track from the very beginning of a period of vibration.
Though we have not studied the matter systematically we have the impression that the velocity of the falsely perceived movement increases both with the frequency and with the amplitude of the vibration. Immediately after the end of a period of vibration there was often a sensation lasting a second or so that the arm had reversed its direction of motion, even when there was no overt movement occurring either during the vibration or on its cessation, but the illusion was too transitory for us to be able to make any effective observations upon it.
False sensation of position: But equally, during vibration many of the subjects seemed systematically to mis-estimate the angle of their elbow, independent of any false sensation of its moving. This was shown first by the fact that numerous subjects accepted without question that they had managed to keep their arms aligned in the standard tracking procedure, and felt that there was no question of their having moved into a false position merely because they had been following a velocity signal. They claimed that they knew the position of their vibrated arm, and on being shown their error said that it was just that the perceived position did not correspond with the one that the arm was actually in.
A way of testing the sensation of position somewhat independently of the sensation of velocity was achieved by asking the subject to use a finger of the normal arm to point to the perceived position of a finger of the vibrated arm.
The subject was blindfolded and arranged in the usual position with his arms free to move in the vertical plane. A Perspex screen was placed between the two arms and marked out in degrees at the elbow {see fig. 2 ). One arm, designated as the reference arm, was moved by the experimenter to a certain position and the tip of its index finger placed against the screen and then held there by the experimenter so that the subject did not have to make any particular muscular effort to maintain its position. The subject's other arm was designated as the indicator arm and used to indicate his perception of the position of the reference arm. Initially both arms lay horizontally on the table. Ten seconds after the reference arm had been moved into position the subject was asked to bring his indicator arm into alignment with the reference arm and then to place it against the screen with the tips of the index fingers of the two hands in direct opposition. He was allowed to take as long over this as he felt was required and there was no question of his having to move into the final position in a single action. When the subject had made his decision the experimenter noted the result on the scale and both arms were returned to the horizontal. First, this procedure was repeated ten times in the absence of vibration, to the same final position, to determine the subject's normal accuracy. Secondly, a further 10 trials were made under the same conditions but with the biceps of the reference arm being vibrated continuously; the vibration was maintained for the whole period including while the reference arm was resting horizontally. Thirdly, the control series of 10 trials without vibration was repeated. This showed that during vibration the subject perceived his reference arm to be up to 15 degrees more fully extended than he did in the absence of vibration. For example, in one particular case when the reference arm was moved so that the angle at the elbow was 130 degrees the arm was indicated to be 8 degrees more extended during vibration than in its absence and this was statistically significant (mean error of 20 trials without vibration +8O°±O-53 S.E. of mean, the + indicating that the error was in the direction of extension; mean error of 10 trials during vibration + 160°±0-70; P<001 by the t test). Similarly significant results were obtained for 5 other subjects with the final position of the elbow 40 degrees to 60 degrees short of full extension.
A difficulty about the finger pointing test performed in the particular way described above is that the initial and final positions of the subject's reference arm were always the same and so the suspicion arises that the subject might be making a standard movement of the indicator arm, or bringing it to a standard final position, irrespective fig. 2 and one of his arms was passively moved by the experimenter into a certain position where it was held by the experimenter without the need for the subject to exert himself. Ten seconds later the subject was asked to bring his other arm into alignment with the moved arm so as to indicate its subjective position. The abscissa shows the position of the passively moved arm (full extension= 180 degrees). The ordinate shows the extent and direction of any error in alignment. Each of the 8 final positions were tested three times without vibration (x) and three times during continuous vibration of the biceps of the arm which was passively moved by the experimenter (o). Further description in text.
of any clues that he might be receiving from his reference arm. To obviate these difficulties the accuracy of finger pointing to a number of different positions was tested in the following way.
Eight positions were chosen at 10-degree intervals from 90 degrees to 160 degrees angle at the elbow. These were arranged in random order and the subject's reference arm moved from one to the other without returning to the horizontal in between. A period of 10 sec was allowed from the time the indicator arm was aligned with the reference arm before the reference arm was moved on to its next position; during this time neither the subject nor the experimenter corrected the position of the indicator arm, however great any error. After each position had been tested both arms were returned to the horizontal and left there for 10 sec so that the subject could re-calibrate his sense of their position. The series of 8 positions was then re-tested as before, but in a different order, and then after a further 10 sec re-calibration the same positions were tested for a third time in yet another order. After a further re-calibration the whole procedure was repeated with each point tested a further three times in precisely the same order as before, but during continuous vibration of the biceps of the reference arm. Fig. 10 shows the results obtained for four separate subjects. Subject JDM (a) showed some of the largest deviations that we observed between the responses obtained in the presence and absence of vibration, while subject JCM (d) showed some of the smallest differences. During biceps vibration JDM indicated that on average, throughout the range tested, he felt his arm to be 8-3 degrees more extended that it was in the absence of vibration; this value differs significantly from zero (S.E. of mean, 1-0 P<0-01 on t test). These figures were determined by taking the difference between the values of each pair of the 23 corresponding points obtained in the presence and absence of vibration (24 points for the other subjects); normally each of the 8 positions studied was tested three times both with and without vibration, each time from a different preceding position. When all 23 points of each kind were lumped together the mean deviation induced in subject JDM by the vibration was still, of course, 8-3 degrees in the direction of extension but the variability was slightly greater than when corresponding points were compared. (S.E. of mean 1-1 instead of 1-0); however, the deviation was still highly significant. The statistics for the other 3 subjects were as follows: ED, vibrationinduced deviation +7-3°±0-66 the + indicating extension (or ±0-69 for lumped points); RJB, mean deviation +7-7°±0-94 (or ± 1-4); JCM, mean deviation +50±0-86 (or ± 1-2); all these mean deviations differ significantly from zero on the t test (P<0-01) irrespective of which measure of standard error was employed. Similar results were obtained for the 4 other subjects who were tested in this way.
It may be concluded that vibration induces a small but significant distortion of the sense of absolute position as well as inducing an illusion of movement. However, this conclusion could usefully be fortified by studying the matter under a wider range of conditions for it is by no means easy to devise good measures of "position sense" which are independent of sensations of movement and independent of the accuracy of the motor machinery and the ability to monitor its performance.
Another notable feature of experiments of the kind illustrated in fig. 10 was the inaccuracy with which many subjects reproduced the position of one arm by indicating it with that of the other, thus suggesting that the absolute sense of position in the absence of visual calibration is rather bad. For example, some subjects made errors of up to 15 degrees while remaining convinced that they were performing adequately (cf. also fig. 5 ). The errors were not only random errors scattered either side of the correct position, but also tended to be systematically biased one way or the other, usually in the direction of undue extension of the elbow. Sometimes the bias increased progressively during the course of an experiment throughout which the subject was blindfolded and given no opportunity to re-calibrate himself. We have made no attempt to quantify these deficiencies in the normal accuracy of position sense though we have noted their regular occurrence including in our standard tracking situation. They are already well known and are at present being investigated to sort out the multifarious contributory factors, such as the length of time the reference arm is maintained in position and whether it is moved there passively by the experimenter or actively by the volition of the subject (Paillard and Brouchon, 1968; Brouchon and Hay, 1970) . These inaccuracies in the absolute sense of position contrast with the accuracy with which movement away from a predetermined position can be detected; a movement at the elbow of 1-2 degrees can be reliably detected provided the velocity of movement is about 0-1 degree/sec (Cleghorn and Darcus, 1952; Laidlaw and Hamilton, 1937) .
As long recognized, such a difference "argues for existence of a sensation of movement per se as an elemental product of muscular sense, and not as a judgement based on comparison of discrete sensations of position" (Sherrington, 1900 (Sherrington, , p. 1017 ). This does not prove, however, that position and velocity are signalled by different peripheral receptors. It might merely be that the relevant receptor which signals position is moderately rapidly adapting and has an appreciable dynamic sensitivity over and above its positional sensitivity. Such behaviour is shown by the Ruffini joint endings (Skoglund, 1956) . If the threshold be supposed to represent an absolute change in receptor discharge this would lead the dynamic threshold to be lower than the static threshold when both are expressed as degrees of displacement. Moreover, it should be noted that the central awareness of the absolute position of a limb could in theory be based on the integration, in the mathematical sense, of velocity signals derived from a rapidly adapting receptor without involving slowly adapting receptors, though in practice the latter seem likely to take an important part.
Tracking of involuntary post-contraction movements.-It has been known to many generations of schoolboys that the arm may raise itself apparently spontaneously when one lets it lie by one's side immediately after producing a powerful isometric contraction of the relevant muscles, such as by pushing against a wall while standing. The phenomenon has been studied by various physiologists with general agreement that the effect is indeed a physiological one and does not depend upon auto-suggestion, that it exists in the majority of subjects, and that it may be found for virtually any somatic muscle after a period of intense isometric contraction, though it appears to be particularly well shown for the deltoid (for example : Forbes, Baird and Hopkins, 1926; Allen and O'Donoghue, 1928; Zigler, 1944; Fessard and Tournay, 1951) . But no proper explanation is available as to the genesis of the phenomenon. The electromyographic activity during the contraction is identical with that of a voluntary contraction with the same time course, thus dispelling the early idea that the effect might depend upon some unusual kind of muscle contraction which was not fully under the control of the CNS. Moreover, the contraction can readily be overridden voluntarily. Indeed, the phenomenon usually only occurs when the relevant muscle is relaxed and the subject pays it the minimum of attention, as well as avoiding any gross overt muscular action elsewhere in the body. Forbes, Baird and Hopkins (1926) showed electromyographically that the contraction fails to take place if the muscle is initially prevented from shortening, but that it can persist for a while under isometric conditions if an obstruction is encountered after an appreciable movement has already taken place. In view of earlier suggestions that muscle afferents may perhaps play some part in the genesis of the phenomenon, and because of the superficial similarity of the post-contraction movement with that of the tonic vibration reflex it seemed of interest to see whether or not the post-contraction movement was also associated with aberrations of position sense. This was tested by asking the subject to track the movements with his other arm.
Our first tracking experiments were performed with the deltoid muscle by asking the subject to push against a wall for 30-60 sec and then to put his arm by his side and let any involuntary movement occur without interference. After he was accustomed to the occurrence of the phenomenon he was asked to use his other arm to track his perception of the extent of the involuntary movement; his eyes were meanwhile closed. To simple inspection by the experimenter, the tracking was then performed perfectly well without any obvious lag in the detection of the involuntary movement, thus showing that the subject remained fully aware of the position of his arm in spite of his motor system acting without his bidding. Moreover, when the moving arm was obstructed after moving through 20-30 degrees the subjects all denied any sensation of a reversal of movement; nor did they signal one with their tracking arm, although they all did so when elbow movement induced by the tonic vibration reflex was obstructed.
In addition, we studied the post-contraction movement of the biceps muscle in 5 subjects using the standard tracking procedure with graphic recording as described earlier ( figs. 1-4) . The conditioning contraction of biceps was an isometric contraction of about two-thirds of the maximal value maintained for about 30 sec and made with the elbow nearly fully extended. The involuntary movement of biceps did not, however, occur as readily as did that of the deltoid, and to obtain satisfactory movements we had to instruct our subjects that a movement might be expected and that if they should feel one starting they should allow it to proceed. They then produced postcontraction movements which they assured us were involuntary, but perhaps not so convincingly so as those seen for the deltoid. These elbow movements induced by the slow contraction of biceps were effectively tracked, and there was no tendency for the tracking movement to reverse when the involuntarily moving arm was halted. Thus unlike the situation for the slow movements induced by the tonic vibration reflex the accuracy of position sense appears to be preserved during a post-contraction movement. This supports the idea that the aberrations seen during the vibration reflex are likely to be due to the abnormal afferent signals set up by the vibration itself, rather than due to a central misinterpretation of, or an abnormality of, any corollary discharges which may occur during the movements. But the argument is a weak one since the central mechanisms responsible for the two types of involuntary contraction are probably quite different, and the above view rests primarily on the experiments described earlier in which vibration induced proprioceptive sensations without eliciting a muscle contraction.
B. Persistence of Appreciable Kincesthesia after Paralysis of Joint Afferents
The preceding findings with vibration led us to question the current orthodoxy that the discharges of muscle afferents are without effect on perception. It thus seemed important to repeat some of the experiments on which the currently conventional view was based. This has shown that appreciable kinaesthesia may persist after paralysing joint afferents, but while preserving the afferents to some of the muscles acting at the joint studied. Such a differential action on the two kinds of afferent can be readily achieved for various joints of the hand because the bellies of the long muscles which act on the fingers and thumb lie in the forearm. Thus the injection of local anaesthetic into a finger or the making of the whole hand insentient by anoxia should abolish the position sense of the digits if this were to depend solely upon the joint afferents. But in fact we find that it fails to do so. There is, however, a considerable reduction in the delicacy of position sense so we are in no way arguing that the joint afferents do not contribute importantly to position sense, merely that their peripheral contribution is not an exclusive one.
Paralysis by local anaesthetic.-In 8 subjects the index finger was ring-blocked by injecting 2-3 ml of 2 per cent lignocaine around its base. The efficacy of the anaesthesia was improved by occluding the circulation to the hand for 10-15 min after the injection, so as to allow time for the lignocaine to act without its being swept away by the blood stream; this made it unnecessary to inject adrenaline with the lignocaine. The circulation was re-established for the experiment proper. The lignocaine produced a complete clinical anaesthesia of the finger to light touch, heavy touch, pin-prick and squeezing. The anaesthesia extended to the very base of the finger and persisted for some 15 min after re-establishing the circulation. Thus the afferent fibres to both of the interphalangeal joints may be presumed to have been paralysed. None the less, an awareness of passive movement persisted at both joints. When the experimenter manipulated the anaesthetized joints the subject could correctly state, first whether or not the finger was being moved, secondly whether it was being moved into flexion or extension, and thirdly whether it was being held at full extension or full flexion. In the last case, however, we failed to establish how far the subject really had an effective awareness of position per se, and how far he was relying upon his memory of the history of the displacement. The subjects succeeded in making the various judgements when the muscles acting on the finger were consciously relaxed, but they found it a great deal easier to say what was happening when they were allowed voluntarily to tense either the flexor or the extensor muscles acting on the joint. Every subject stated that he knew what was happening to his finger in the usual sort of way by "feeling it move," and that he was not relying upon subsidiary clues such as any slight deformation of unansesthetized regions of skin.
No systematic study was made of the threshold for the detection of movement or the accuracy with which statically maintained positions of the finger could be recognized, but for both there was a considerable deterioration in performance from the normal. The anaesthetized finger was particularly bad at detecting slowly applied movements. At the proximal interphalangeal joint, our subjects could readily detect movement of 10-20 degrees when these were applied at 5-10 degrees/ sec, but they had the greatest difficulty in detecting the movement or failed altogether when the velocity was reduced to below 1 degree/sec (cf. Provins, 1958) ; this occurred irrespective of whether or not the subjects were tensing their muscles. The stretches were applied with a servo-controlled solenoid which had been developed for stretching cat muscles (Matthews, 1962) . The finger was held still by a padded retort clamp which was firmly applied to the proximal phalanx in a region where it was anaesthetic.
Paralysis by anoxia.-In 10 subjects the whole hand was made anaesthetic and its intrinsic muscles paralysed by occluding the circulation. Sometimes this was done by inflating a child's sphygmomanometer cuff just above the wrist and waiting the appropriate time; the point of using a child's cuff is that it is narrower than an adult's and so produces relatively less effect on the forearm muscles. Alternatively, a more rapid paralysis was achieved by first inflating a cuff round the upper arm and then, when the whole arm was anaesthetic, the usual narrow cuff was inflated round the wrist and the upper cuff removed. The upper cuff appeared to be the more efficient at producing circulatory occlusion, probably because at the wrist the blood vessels are partly protected from the pressure by surrounding bone. However, the paralysis produced by the upper cuff may have been partly due to local pressure on the nerve as well as to general anoxia of the limb, since there was sometimes a temporary partial recovery of sensation in the hand on shifting the cuff from elbow to wrist; a further period of waiting then produced complete failure of nervous action in the hand. With the rapid method, the required total period of anoxia was usually about one hour. Once the upper cuff was removed the forearm rapidly recovered its cutaneous sensibility and the strength of its muscles. No differences were found between the experiments performed with the two methods of producing an anoxic paralysis of the hand.
The completeness of the anaesthesia produced by the anoxia was established using the same clinically standard stimuli as were used for testing the lignocaine anaesthesia. In addition, the afferents that supply the metacarpophalangeal joints themselves could be directly demonstrated to be paralysed by the inability of the subjects to detect lateral movements at these joints. Lateral movements do not affect the long muscles in the forearm and so must normally be signalled by some combination of the activity of joint afferents and of the proprioceptors in the intrinsic muscles of the hand. In the anoxic hand all these will have been paralysed, and so the inability to detect lateral movements provides an internal control that the desired anaesthesia had indeed been achieved. None the less, the subjects could still detect flexionextension movements both at the metacarpophalangeal joints and at the interphalangeal joints of the fingers, though appreciably less well than normally. Again, movements were more readily detected when the relevant forearm muscles were lightly tensed. It has been suggested that in the present circumstances the movement of the fingers is detected solely because the bellies of the long flexor muscles "nudge the top edge of the cuff, where the skin is not anaesthetic, and give a clue to the movement" (Merton, 1964) . This was excluded for the present experiments by obtaining our usual results when, after complete anaesthesia of the hand had been achieved, the cuff round the wrist was replaced by a cuff round the upper arm. The muscles of the forearm then remained functional for ten minutes or more while the hand remained anaesthetic; during this period the perception of movement of the fingers was retained.
The subjects could readily tell which finger of the anoxic hand was being moved by the experimenter. Interestingly, however, they could not distinguish between movement at the metacarpophalangeal joint and the proximal interphalangeal joint of the same finger when the finger was near full extension. This is to be expected since the forearm muscles on whose proprioceptors the subjects may then be presumed to have been relying act similarly on both joints of the same finger, whether flexion or extension. It is the intrinsic muscles, which were then paralysed, which act upon them differently. As a corollary, subjects with an anoxic hand were found to be unable to detect an extension of one joint (say the metacarpophalangeal) combined with a flexion of the other (i.e. the proximal interphalangeal) of such relative magnitudes that the extensor tendons on the back of the hand did not move appreciably; similar sized movements of either joint alone could be detected.
Another interesting finding was an inability to detect movement in the anoxic hand at the distal interphalangeal joint of the middle finger while the other two joints of this finger were fully flexed and all three joints of each of the two adjacent ringers were fully extended; movement at this joint could be detected when the middle ringer was extended. As is well known to anatomists (cf. Gray, 1967) , it is impossible voluntarily to move the terminal interphalangeal joint of the normal finger when it is put in this position because the terminal portions of both flexor and extensor tendons are then slack so that contraction of their muscles no longer influences the joint. Thus an inability to detect movement at this joint when the anoxic hand is put into this slightly unusual posture supports the idea that muscle receptors were responsible for the detection of a similar movement when the joints of the ringer were all extended.
Particular stress has previously been, laid on an alleged complete absence of position sense at the interphalangeal joint of the thumb after rendering the hand anoxic (Merton, 1964 (Merton, ,1970 . We found that some of our subjects were indeed unable to detect movements of this joint of as much as 90 degrees when the muscles acting upon it were relaxed. Others, however, had no difficulty in doing so. But all our subjects were readily able to detect movements of below 90 degrees when either the flexor or the extensor muscles were lightly tensed, just as with the fingers. Judging from an aside this also seems to have been Merton's experience (1964, p. 398 ), but he again attributed the awareness of the movement to clues derived from "changes in pressure on the skin" at some distant site which was unanaesthetized. Our subjects had little doubt that they were not relying upon such subsidiary clues and if any such occurred they reported upon them separately, and said that the sensation was quite different from that of feeling a digit move. The failure of some subjects to detect movement of the anoxic thumb when it was lying relaxed seems likely to be related to the finding that anaesthesia of the thumb greatly diminishes the reflex response of its long flexor muscle to stretching, even though the muscle itself has not been interfered with (Marsden, Merton and Morton, 1971, 1972) . This might be due to the elimination of a normal central facilitation, by cutaneous or joint afferents, of the reflex actions of the muscle afferents, and might equally affect their sensory actions. Alternatively, peripheral anaesthesia might lead to a diminution of tonic fusimotor firing by removing a normal source of reflex facilitation and thereby reduce the sensitivity of both primary and secondary spindle endings to stretching.
C. Corollary Discharges and Kincesthetic Sensations
In previous experiments on subjects with anoxic hands the subjects were said to have the experience that an attempt to move the thumb was always successfully accomplished irrespective of whether or not it was obstructed by the experimenter. Thus it was stated "if the movement is restrained by holding the thumb the subject believes he has moved it just the same" (Merton, 1964, p. 394) . In so far as this belief in the success of the movement was based on a subjective "awareness" of the position of the thumb the experiment fitted in with the idea that corollary discharges from motor to sensory centres ("sense of effort") produce a kinaesthetic sensation but that muscle afferents do not. However, our repetition of virtually the same experiment gave us completely different results. Our subjects with hands made insentient by anoxia could readily detect for both the fingers and the thumb when the course of a large movement was manually obstructed by the experimenter. This was so irrespective of whether the movement was into flexion or extension.-Left unimpeded the movement which was obstructed would have been about 90 degrees. The obstruction was sometimes applied at the very beginning of the movement, and sometimes about half-way along its course. The counterforce required to stop the subject becoming aware of the obstruction by a movement of the whole of the arm was produced by the experimenter holding the subject's insentient hand. Since obstruction to movement must alter the pattern of muscle afferent firing we take the ability of our subjects to detect an obstruction as further evidence that muscle afferents can indeed produce a sensory action; in the present case, however, there is no internal evidence to show whether this is a direct action, or an indirect one produced by an alteration in the pattern of motor firing accompanied by a change in any corollary discharges. It seems likely that the previous report of the inability to detect an obstruction to movement of the thumb in similar circumstances depended upon the movements then tested being rather smaller (apparently only about 20 degrees, Merton, 1970) . When our subjects were attempting small movements of the terminal phalanx of the thumb they were barely aware that they were succeeding in doing so even when they were unobstructed unless they were allowed to watch the movement. Thus we were not surprised that when blindfolded they could not then reliably detect an obstruction.
Movement without sensation.-The above findings led us to question the suggested role of corollary discharges in producing a conscious perception of movement of a limb and to inquire into the subjective sensation on attempting a movement when the muscle itself is paralysed so that no movement can occur. The findings demonstrated the inability of any corollary discharges that there may be to produce a sensation of movement when they are acting on their own without the help of afferent feedback. In 7 subjects we studied the time course of the paralysis of movements of the index finger on making the whole arm anoxic by a pressure cuff placed just above the elbow. The hand lay on a support to which it was strapped. The interphalangeal joints of the index finger were fixed in full extension by strapping and the metacarpophalangeal joint was partly flexed under the action of gravity and a light spring; the other ringers were slightly flexed. As the arm became anoxic the subject was asked periodically to lift up his index ringer as far as it would go into extension. Immediately afterwards he was asked to mimic the movement with his other, unaffected, index finger so as to provide an objective measure of his sensation of the extent of the movement. The monitoring hand lay in the same position as the experimental hand. The movements of both ringers were recorded via potentiometers which were connected to strapping on the fingers by string. Fig. 11 demonstrates the result and shows that during the progressive paralysis the subject regularly underestimated the extent of the movement. He thus systematically believed that he was weaker than he actually was. Moreover, he entirely failed to perceive the last two real movements that he succeeded in making before his muscles gave out.
Thus the subject cannot have relied upon any corollary discharges for his recognition of the occurrence of a movement. If he had done so, he should have continued to signal the occurrence of a movement after he had stopped being able to make one, instead of the other way round. The illustrated result is typical of all experiments; in some of them, moreover, the period in which a movement was made but not perceived lasted for appreciably longer. After we had completed the above type of experiment we discovered that similar findings had already been described by Laszlo (1966) , but were not then illustrated.
The records on the right of fig. 11 were taken after the forearm had been allowed to recover from the anoxia, but the hand had been kept insentient by applying a cuflf -Records demonstrating that on progressive paralysis of a limb the perception of movement may be more severely impaired than the actual ability to move. This makes it unlikely that the perception of movement can depend primarily upon any corollary discharges from the motor centres to the sensory centres. The top trace shows the movements at the metacarpophalangeal joint of the index finger of one hand at a time when the circulation to the arm was occluded; the interphalangeal joints were fixed in full extension by strapping. Periodically, the subject was asked to raise his finger to full extension and then to lower it again; in between the finger lay partly flexed under the action of gravity and a light spring. Immediately afterwards he was asked to make an equivalent movement with the index finger of his other hand, thus providing an objective measure of his perception of the extent of the movement which was being paralysed. In the first part of the record the circulation to the whole of the forearm and hand was occluded by a pressure cuff above the elbow. This eventually led to a complete paralysis of all the muscles involved, and to a complete loss of sensation. Even when he was paralysed the subject still continued to attempt the movement at half-minute intervals. In the second part of the record the pressure cuff had been shifted to the wrist so that the hand remained anaesthetized, but the muscles of the forearm had been able to recover. The upper cuff was inflated for 13 mins before the beginning of the records shown. There was an interval of 14 mins between the two sets of records. The recordings were made by connecting the fingers to freely moving potentiometers. The subject could not see either his hands or the recordings. to the wrist. They demonstrate that muscle afferents can inform the subject that he is able to move, even though his joint afferents remain non-functional. This is in line with all that has been said earlier, namely that the discharges of muscle afferents can influence consciousness. In the experiments of fig. 11 the subject moderately underestimated the movement, when he was relying on muscle afferents alone. In other experiments this effect was much more marked and the subject might believe that he was achieving only some 20 per cent of the movement that he was actually making. It may be noted that to produce finger extension in the normal state the subject would have been contracting his interossei as well as his forearm muscles, so with his hand insentient he was deprived of feedback from some muscle afferents as well as from the joint afferents. This is perhaps why with the hand insentient the subject found it a matter of some difficulty to move the finger. He had to try very hard to succeed at all and was not able to move it throughout its normal range. It felt rather as if the finger were stuck in glue. If the paralysis of the whole forearm was not commenced until after the hand has been made anaesthetic by a wrist cuff, the perception of movement is again lost in advance of the actual paralysis of the movement itself. In our way of thinking, the subject's failure to recognize the full extent of their residual strength may be attributed to their afferent fibres being paralysed slightly in advance of the motor fibres, as also suggested by Laszlo (1966) .
It might be suggested that when the paralysis was complete the subjects did not pay proper attention to their corollary discharges as an indication of movement because they had already learnt, on the basis of afferent feedback received during the course of the progressive paralysis, that the movement was paralysed so that they therefore no longer expected to be able to move. This was excluded by asking some of our subjects to keep quite still until the paralysis could be presumed to be complete. When asked to move the affected fingers or thumb they replied, after trying to move, that they could not do so and that there was no sensation of movement with even the hardest attempt. The present authors have all experienced this awareness of an inability to move the moment that one tries to do so; indeed, on the first attempt one is considerably surprised that one does not succeed. Rather similarly it has been variously reported to us that when a conscious human subject is paralysed with curare, or has a complete local anaesthetic block of his lower lumbar nerve roots, then he is fully aware that he cannot move even when he cannot see his paralysed limbs. Thus Dr. M. I. M. Noble of the Charing Cross Hospital, who has had personal experience, wrote to us: "There is a clear perception of inability to move during complete paralysis with curare. If asked to move a finger, you know that you cannot." Again, Campbell (1970) in reply to a question at a symposium as to how he felt when curarized said, "I did not know what my inspiratory centre was doing; I felt no rhythmic or continuous sensation of any sort in my chest or my head. The only sensation I experienced on attempting voluntary movement of the limbs was surprise that nothing happened." Thus the sensory centres for the limbs would appear superficially to receive quite different information from that received by the centres for the eyes, since for the latter corollary discharges are usually held to be responsible for the sensation of movement (cf. Brindley and Merton, 1960) . But there may be more similarities than might at first sight appear for in one standard textbook it is stated for the eye that "complete paralysis of the muscles by curare is accompanied by a conscious sensation of limitation in movements of the eyes with no illusory movement of the environment" (Cogan, 1969 , citing Siebeck, 1954 .
Phantom limbs.-The above conclusion contradicts classical neurological thought which, largely on the basis of the behaviour of phantom limbs, has long held that corollary discharges, though not so called, can cause sensations of movement of the limbs. For example, this view is to be found in Gowers and Taylor's textbook of 1899 where it is argued that "our knowledge of active states of the muscle is due, at least in some measure, to the effect on consciousness of the activity of the nerve-structures causing the movement" since among other things "after amputation of a limb, a person who makes an effort to move the lost part seems to feel as if he did move it." At first sight the argument seems impeccable; but in fact serious flaws have since become apparent, though they do not appear to have been widely appreciated. To begin with, it is necessary to distinguish between two kinds of movement of the phantom limb. First, when the part of the body bearing the stump of the limb is moved, then the phantom limb moves with it, but the phantom does not alter the relative positions of its various parts. This is an invariable experience and allows the phantom to be pushed through a solid obstacle. Secondly, a proportion of subjects experiencing a phantom limb can produce a movement at a phantom joint and change the relative position of the imaginary parts by willing the movement to occur. The repertoire of such phantom movements is usually, however, extremely limited and they cannot apparently be finely graded; nor can a phantom joint normally be moved throughout the whole of its range.
The occurrence of simple displacement of the whole of the phantom is irrelevant for debating the possible existence of corollary discharges, since the phantom is merely required to keep station with the body image. This requires no change in the neural representation of the phantom itself and thus no new signals related to the phantom. But in the face of the apparent impossibility of any afferent feedback from the moving parts, the ability to alter the angle of a phantom joint might appear to establish the existence of corollary discharges, for there would appear to be no alternative way in which the sensory centres could be informed that the subject had made the requisite effort of will to move the phantom. However, in reviewing the field in 1941 Riddoch suggested that "preservation of postural sensibility in the stump" was a prerequisite for the ability to make internal movements of the phantom. A few years later, Henderson and Smyth (1948) published the findings on some 300 cases of phantom limb which they studied meticulously over a period of four years in the seclusion of a prisoner-of-war camp. They found that internal movements of the phantom were invariably associated with contraction of some of the muscles in the stump. Moreover, if the contraction could be abolished, as by cutting nerves supplying the stump, then the ability to move the phantom was lost. They concluded that "appreciation of willed movement depends on afferent impulses from muscles which normally move the part." No doubt, after an amputation the afferent discharge on attempting a movement is only a fraction of what would normally be present, but there seems no objection to accepting it as sufficient to produce a change in the neural representation of the position of the phantom. Thus, on its own, the ability to move a phantom limb can no longer be taken as sufficient to prove the existence of corollary discharges from motor to sensory centres.
A further observation supporting the idea that any corollary discharges are ineffective at inducing a sensation of movement was made in the course of anaesthetizing the finger in the experiments described above. When the subject suddenly extended all the fingers of the affected hand from a position of full flexion he felt that the anesthetized finger had lagged behind and failed to extend itself
Perceived movement
Real movement (normal finger) (anaesthetized finger)
FIG. 12.-Another example of the paralysis of local afferents preventing the central perception of the full extent of a voluntary movement. This would not occur if the subject relied for this primarily upon "corollary discharges." The index finger of the left hand (marked with circle) had been ring-blocked by the injection of lignocaine at its base. The subject was asked suddenly to extend all the digits of the affected hand starting from a position of flexion, and then immediately afterwards to put the fingers of his other hand in the position into which he felt he had moved the affected hand. His position was then voluntarily frozen and photographed. The insentient ringer was felt to have failed to extend itself fully, though it actually succeeded in doing so.
as fully as the others, although it actually succeeded in doing so. This is illustrated in fig. 12 in which the normal hand is used to mimic the perceived position of the hand with the anaesthetized finger. As was regularly observed under these conditions the subject felt that the anaesthetized finger remained partly flexed, particularly at the proximal interphalangeal joint. Thus once again a reduction of peripheral feedback leads to an underestimate of the extent of a muscular act. In this case, we cannot distinguish between the relative importance of paralysis of joint afferents and the inevitable concomitant paralysis of the afferent fibres from the distal portions of the lumbrical and interosseous muscles, though we suspect the latter to be the important effect.
Sensorimotor interactions.-In spite of the above findings, other considerations suggest that corollary discharges may play a part in perception when they are suitably combined with feedback signals from the peripheral afferents. If this were not the case then on the basis of the evidence of the first part of this paper any increase of spindle afferent firing induced by fusimotor action would be expected to give rise to an illusory sensation of the limb being moved so as to stretch the muscle in question, whereas this does not appear to happen. Nor is there an illusory sensation of reversal of movement when a moving limb is brought to a halt by coming up against an obstruction-yet all the main mechanoreceptors of muscle may then be presumed to increase their discharges to above the value pre-existing before the limb began to move. The absence of an illusion under such circumstances would be explained if the sensorium had been informed by corollary discharges that the limb was being set in motion and that the fusimotor discharge to it was being increased. The sensorium would then be in a position to judge whether an absolute extension of a contracting muscle was taking place rather than a halting of movement, depending upon whether the afferent firing increased inappropriately relatively to the fusimotor and alpha motor firing. It might be suggested, however, that signals from joint receptors or even skin receptors are relied upon exclusively for knowledge about the progress of a movement, though this would entail at least a partial reversion to the view that muscle afferents do not influence kinaesthesia. That this is not so is shown by experiments in which the hand has been made insentient by anoxia, since this eliminates all cues about what is happening except those from muscle receptors and, if they exist, those from corollary motor discharges. This thus provides a more precise situation for introspective analysis. As already mentioned, movements obstructed in this situation are correctly perceived to have been obstructed and are not felt to have been reversed. Moreover, when an insentient digit is used isometrically to produce a range of pressures against a rigid obstacle there is no sensation of the object moving. Yet, on the basis of direct human single fibre recording, increases in the strength of voluntary contraction are known to be accompanied by an increase in the firing of both spindle endings and of tendon organ afferents (Vallbo, 1970a (Vallbo, , b, 1971 . This again suggests that any increase in peripheral afferent firing is interpreted by the sensorium in the light of what it knows the motor centres to be doing; if the returning afferent discharge is that to be expected on the basis of the performance of the intended motor act it is recognized as such and not interpreted as being due to an externally applied stimulus. This might perhaps be brought about by a simple subtractive interaction between corollary discharges and afferent discharges after they have been put into the same sort of numerical symbolic form, or in von Hoist's (1954) terminology by the cancellation of an "efference copy" by a peripherally originating "re-afferent" signal. Such a view, however, has been suggested to be too simple a way of looking at things (McKay, 1970) . For the moment it seems safer to restrict oneself to the less precise generalization that corollary discharges may well provide the information which would allow changes in peripheral afferent firing to be evaluated in the light of what is being attempted.
DISCUSSION
The main conclusion of this paper is a qualitative one, namely that muscle receptors do contribute to "position sense." The arguments for this view are marshalled in the summary and do not merit present repetition. In historical perspective there is nothing very startling about the conclusion, for it merely represents a reversion to the classical view which held sway almost universally for the first half of the present century and which was never discarded in many clinical circles. For about the last twenty years in physiological circles, however, the classical view has been believed to have been rendered untenable by various experiments which have been reviewed in the introduction. But for the reasons there indicated none of these experiments were sufficiently comprehensive to have excluded a sensory action of the muscle receptors, and our repetition of some of them with comparatively trivial modifications of experimental detail have produced evidence that muscle receptors do contribute to kinaesthesia. The earlier experiment which still demands repetition, but which we have not been in a position to undertake, is the study of the sensory action of pulling upon exposed tendons in the conscious human subject; at the same time it would be interesting to observe the effect of applying vibration directly to a tendon. It would also be valuable to make a systematic study of patients in whom a diseased joint has been replaced by an artificial one, as is now so commonly done for the hip. The qualitative clinical impression, which we have confirmed by talking to patients ourselves, is that there is no obvious impairment of their ability to control the angle of the artificial joint although some deficit might have been expected if the joint had been largely deprived of position sense; nor does the patient feel that he is unaware of the position which the joint has taken up at any time. Mr. J. Charnley, Director of Hip Surgery at the Wrightington Hospital, Wigan, wrote to us that he had long believed in the importance of muscle receptors "as a result of the perfection of balance of patients with both hips replaced by artificial hip-joints where there is not the slightest evidence of ataxia or Rombergism" on standard testing. However, clinical observation seems unlikely to be able to bring the matter to a close since in spite of the usual replacement of both the head of the femur and much of the acetabulum a certain number of joint receptors must be left behind, such as those near the acetabular margin and in adjoining fascial planes. In the cat, section of all the macroscopically visible nerves to the knee-joint produces no detectable change in the accuracy with which the animal can use the limb in locomotion (Lindstrom and Norsell, 1971) ; again, however, a certain number of joint afferents may have been preserved by virtue of running in muscle nerves.
It may next be noted that the elbow-joint, which is the joint at which for reasons of convenience we have chiefly studied the vibratory illusions, would not appear to be in any way peculiar. We have made restricted observations of the occurrence of similar illusions for the thumb, for the fingers, for the knee and for the ankle. Very recently, there have been two independent studies of the effect of vibration on position sense at the knee and at the ankle (respectively, G. Eklund, Uppsala; A. W. Monster, Philadelphia-personal communications, 1971) . In both cases the observations appear to have been largely restricted to an estimate of the subjective position of the joint when the action of vibration had reached an equilibrium, and the vibration-induced deviations were only 1-2 degrees. These findings would appear to relate to the action of vibration on the absolute sense of position rather than upon inducing a sensation of movement, and are thus comparable to our finger-pointing test. This would partly explain why the deviations at these other joints are so much smaller than those we have observed during the tracking of a perceived movement of the elbow. In addition, we suspect that the elbow is a more favourable site for demonstrating the illusory effects of vibration, for we ourselves have found them easier to elicit here. This is perhaps because the elbow is moved by muscles which are relatively circumscribed and which have short tendons; both factors would favour the transmission of vibration to all the spindle endings of the relevant muscle irrespective of whether they lay near its origin or its insertion. In addition, in the upper arm all the muscles with the same function are closely grouped together. But the velocity illusion is not restricted to the elbow and a very pronounced such illusion may be produced by simultaneously applying vibrators to both Achilles tendons of the standing subject with his eyes shut. As already described (Eklund, 1969) this procedure causes the subject to fall over backwards. We find additionally that if he is held so as to prevent him from doing so, then he feels that he is being strongly pushed forwards so that he believes his body comes to incline forwards though it does not do so in reality. As with the elbow, this is the sensation to be expected if the vibrated muscle, now the triceps surae, were taken to be being dynamically stretched. It should be noted, incidentally, that we are unable to confirm the earliest description of a kinajsthetic illusion induced by vibration. In describing the tonic vibration reflex it was originally stated in passing that "even though no visible movements are induced, the subject may also have the illusion that during vibration a gradual change of position occurs, corresponding to the movement which should have occurred if the contraction had not been 'isometric' " (Hagbarth and Eklund, 1966) . As has been amply illustrated, our experience has been precisely the opposite.
It should also be mentioned that the human tongue has been implied to be an organ that lacks position sense in spite of Cooper's (1953) demonstration that it possesses muscle spindles (Merton, 1964) . However, bilaterally infiltrating the inferior alveolar and lingual nerves does not prevent the subject exercising reasonable motor control over the tongue and recognizing the direction in which it is moved by the experimenter, although there is a widespread anaesthesia of its enveloping mucous membranes (Weddell et al, 1940; Adatia and Gehring, 1971) . The retention of an ability to do all this may reasonably be attributed to the preservation of the spindle afferents which are believed to travel in the hypoglossal nerves along with the motor fibres. Adatia and Gehring suggested that Carleton's (1938) finding that position sense was abolished in 4 out of 8 subjects by the repeated surface application of 5 or 10 per cent cocaine may have been due to the strong cocaine diffusing into the main bulk of the tongue itself; Carleton omitted to state whether or not the motor fibres to the tongue were affected by her procedure.
The next question is whether each one of the main muscle receptors can influence conscious perception or whether it is the prerogative of only some of them. The illusions induced by vibration seem likely to be largely the responsibility of the primary ending on two counts. First, the primary endings are far more powerfully excited by vibration than are the other muscle receptors. Secondly, the primary endings are normally so sensitive to dynamic stimuli that an abnormally high activity on their part might be expected, if perceived, to give rise to an illusion which is primarily one of an abnormal velocity of movement rather than one of an abnormal joint position. Abnormally increased firing of spindle secondary endings or of tendon organs would not seem likely to lead to such a result, since these do not normally respond especially briskly to dynamic stimuli; thus there is no particular reason why the centres which are entrusted with interpreting their discharges should take them to mean that the muscle was in the act of being stretched dynamically, rather than simply unduly long (secondary ending) or under an unduly high tension (tendon organ). But it seems possible that some or all of the vibration-induced distortion of the sense of absolute position may have been due to a slight vibratory excitation of the secondary endings, rather than to the central interpretation of the abnormal primary discharges as partly due to a false length of the muscle and partly due to a false velocity of stretching. Tendon organs seem unlikely to be responsible for the presently described vibration-induced illusions since these were found irrespective of whether the muscle was relaxed or contracting, while the sensitivity of tendon organs to vibration increases markedly with increased muscle tension. The same findings exclude any suggestion that the illusions might be attributed to appropriately located joint receptors being sensitized by muscle contraction. A kinaesthetic role for the primary ending is further favoured by the finding that after paralysis of the joint afferents rapid movements are readily detected while slow movements are not; this is to be expected if the responsible peripheral receptor is chiefly sensitive to dynamic stimuli.
We tried unsuccessfully to confirm that an illusion of movement could be produced by activity in group la afferents by exciting them electrically rather than via their end-organs. For this a cathode was placed over the popliteal fossa and the stimulus adjusted so that a single shock elicited an H reflex but no M response from the triceps surae on recording electromyographically with surface leads. The same stimulus was then applied at 50-100/sec when it usually elicited a tonic vibration reflex as already described (De Gail, Lance and Neilson, 1966; Lang and Vallbo, 1967) . But it produced too much discomfort in the way of tingling and shooting sensations down the leg and foot for our subjects to be able to decide whether they were also experiencing a kinassthctic sensation referable to the ankle.
However, once it is granted that any one of the muscle receptors can influence consciousness, in this case the spindle primary ending, then there is no obvious reason for denying such a privilege to the other two main mechanoreceptors, namely the Golgi tendon organ and the spindle secondary ending. All three have now been shown to project to the cortex {see references in Matthews, 1972) . Indeed, the present demonstration that muscle afferents can influence perception puts a new significance upon their cortical representation. Hitherto, in view of their supposed lack of sensory action, such projections have of necessity been ascribed the sole function of contributing to motor co-ordination, such as by producing a direct servo-controlling type of regulation of pyramidal discharges in the face of external obstructions to movement (cf. Phillips, 1969) . Without in any way excluding such possibilities it may now be suggested that the muscle afferents have the definitive role of assisting the cortical elaboration of a "body image," with the various parts of the body arranged in a definite but variable spatial relationship to each other.
From all that has been said it is clear that the terms "kinaesthesia" and "position sense" are umbrella terms covering sensations which can to some extent be subdivided by introspective analysis, and which depend upon the discharges of a variety of receptors as well as probably also upon corollary discharges from motor areas. All the following would now appear to be respectable candidates for contributing to kinaesthesia: the Golgi and the Ruffim endings of joints, the primary and secondary spindle endings, and the tendon organs. It seems desirable to develop methods for subdividing position sense into components, but it is not easy to see how this might be achieved in the intact subj'ect. Indeed, even the testing of kinaesthesia as a whole often makes demands upon the efficiency of the memory and the accuracy of motor control, as in the tests employed by Cohen (1958) . In standard clinical practice, the testing of "position sense" by asking the patient to state whether a digit is being moved or is held still, and whether it has been moved up or down would appear to depend primarily upon an ability to perceive movement, rather than upon an ability to detect absolute position per se. In the terminology that we prefer this is to say that the clinician more usually tests "kinaesthesia" rather than true "position sense." Sometimes position sense is tested by asking the subject himself to move one arm and then to touch one of its fingers with a finger of the other hand; depending upon precisely how it is performed this procedure may test the ability to reproduce a standard motor command rather than testing position sense itself.
This leads on to the problem as to how the information provided by a variety of different receptors is compounded by the CNS to produce a unitary picture of limb position. Moreover, the sensation seems to be one that is referred to the whole limb with its joints, irrespective of whether the excited receptors happen to lie in muscles or in joints. The simplest mechanism for the mixing of signals would be for some higher centre to take a weighted mean of all the various signals of the same kind. But the confusion into which some of our subjects were thrown by vibration suggests that they could to some extent perceive independently the signals from different receptors, say for example spindle receptors and joint receptors, so that when the signals were incompatible the subjects were perplexed as to which of them should be accepted as valid; this was certainly so when they were presented with a conflict between cutaneous signals and the vibration-induced proprioceptive signals. However, the size of the positional errors that most subjects were prepared to accept when they were primarily following a vibration-induced sensation of movement suggests that joint receptors are relatively inaccurate at providing an awareness of absolute position. This is in line with the considerable inaccuracy with which the absolute position of one limb can be reproduced by that of the other, provided that the subject is prevented from making the match by gauging the extent of the movement required to achieve the desired position (Paillard and Brouchon, 1968 ; see also present results). It may be noted that the total number of afferent fibres to a joint is relatively small in comparison with the number of afferent fibres to the muscles that act upon the joint. For example, in the cat the knee-joint is supplied by fewer than 400 medullated fibres whereas on a conservative estimate there are some 4,000 medullated afferent fibres devoted to supplying the quadriceps, hamstring and sartorius muscles (figures from Skoglund, 1956; Sherrington, 1894) . This suggests that the delicacy of position sense could be appreciably improved by the utilization of signals from muscle afferents along with those from joint afferents; but this should not be taken to imply that all the receptors convey the same type of information. A related question is whether joint receptors contribute to the estimate of the velocity of a movement, or whether they just signal its occurrence and leave it to the spindle endings to provide a quantitative measure of the speed. In other words, would the quantity of primary firing that we induced by vibration have produced a yet greater sensation of movement if it had been combined with the appropriate joint signals? The occasional observation that the difference in velocity between the vibrated arm and the tracking arm was approximately the same whether or not the vibrated arm was moving suggests that joint receptors may perhaps have little part to play. Any number of related questions remain for future study.
The most intriguing questions, however, relate to the mode of interaction between corollary discharges and afferent signals. The acceptance of the view that muscle afferents do contribute to kinaesthesia immediately makes it necessary to postulate the existence of corollary discharges because a given muscle afferent signal has no absolute meaning in itself, but only in relation to the degree of motor activity. Spindle firing depends upon fusimotor firing as well as upon stretch, and tendon organ firing depends primarily upon the intensity of muscle contraction. The failure, during muscle paralysis, of attempts to move to elicit a sensation of movement argues that corollary discharges cannot act on their own but only in combination with afferent feedback. Moreover, corollary discharges would appear to be shown to have a quite different kind of action from that of afferent signals, and there now seems little likelihood that they can be allocated the role of producing a proprioceptive sensation per se. They could, for example, interact with the afferent input at some low level and thus determine what is transmitted to the sensorium. The failure of corollary discharges to produce a sensation on their own might then conceivably be because they act by inhibition to sculpture the pattern of impulses transmitted to the next higher level; but, any firm statement is impossible since in our experiments the system might be so disorganized by deafferentation that it simply refuses to work at all.
However, even though they are not perceived by themselves corollary discharges should not be held to be unimportant for perception. Irrespective of theory, introspection shows that apart from a knowledge of the actual events themselves one quickly becomes aware when a disparity arises between what one expects and what actually happens. This suggests that one's consciousness is indeed informed of mismatch signals generated in lower order control loops when something goes wrong. Information on the failure of execution of a movement could be provided by a centre which computed the mismatch signal between the actual returning afferent signals and those which would be expected on the basis of the proper execution of the planned movement. These latter could be estimated on the basis of corollary discharges, the initial situation of the body, and knowledge of the nature of the external world derived from previously attempting similar movements. Thus, an unexpected obstruction to movement has the opportunity to demonstrate its existence by leading to an increase in the firing of both spindles and tendon organs above that which would otherwise occur. The ratio between these two signals, moreover, could provide a guide as to the nature of the obstruction, for example whether it is rigid or elastic; similar mechanisms may underlie many simple sensorimotor discriminations such as the ability to gauge the consistency of a cheese by squeezing it. Be that as it may, the essential point is that it would be of little value for the highest sensory centres to receive raw signals directly from the muscle afferents, because what these mean depends entirely upon what the relevant muscle is being told to do by the motor system. Thus one now appears driven to accept that the central kinaesthetic mechanisms are yet more complicated than has hitherto been supposed, for they must synthesize a coherent picture out of a number of diverse signals rather than simply mirroring what is happening to the joint receptors. The problem can no longer be sidestepped by comfortably supposing that the complex signals from the muscle afferents are without action on perception.
SUMMARY
(1) The introduction reviews certain evidence which has accumulated over the last twenty years and which has been taken to suggest that muscle afferents do not influence consciousness. It is pointed out that the experiments on which this view was based were not sufficiently comprehensive to have proved the point. The present results suggest that the common-sense classical view that muscle afferents do contribute to kinassthesia has been too hastily discarded.
(2) Vibration of the tendon of the biceps or the triceps muscle at 100 Hz by pushing a physiotherapy vibrator on to the overlying skin is shown to produce an illusion of movement at the elbow in the direction which would occur if the vibrated muscle was being stretched. This has been found under the following conditions: with the arm lying horizontally with its muscles relaxed, with the vibrated muscle contracting isometrically under the influence of the tonic vibration reflex, with the vibrated muscle voluntarily contracting so as to produce a constant isometric tension, with the vibrated muscle relaxed and its antagonist being voluntarily contracted to produce a constant isometric tension. All these could be demonstrated objectively by asking the blindfolded subject to use his other arm to track the perceived position of the vibrated arm. When the vibrated muscle was allowed to shorten under the influence of the tonic vibration reflex, or when the subject was using it to make a slow voluntary movement, he again indicated that the vibrated muscle was more stretched than it actually was. The illusory sensation appeared to be primarily one of the occurrence of movement, i.e. that the joint was rotating at a constant angular velocity; but there also appeared to be a distortion of the absolute sense of position, for among other things in finger-pointing tests the subject aimed as if the vibrated muscle was longer than it actually was.
(3) Various controls showed that these illusions induced by vibration could be attributed to the excitation of intramuscular receptors. Of these the primary ending of the muscle spindles seems the most likely to be responsible, since it is by far the most sensitive to vibration. Thus its vibration-induced discharges appear to reach consciousness and to be treated by the sensorium as if they were due to muscle stretch, and thus to indicate movement at the relevant joint.
(4) This led us to reinvestigate the kinaesthetic effects of moving a finger when its joint afferents had been paralysed, but whilst the afferents to some of the muscles acting upon the finger had been spared. This was achieved either by ring-blocking a finger with lignocaine or by making the whole hand anoxic by occluding its circulation. In both cases the subject could still tell when a finger was being moved, particularly if the muscles acting upon it were lightly tensed. Passive movements of the thumb were also usually detected when the hand was insentient, provided the movement was a large one. The sensations were referred to the moving digit itself and control experiments made it very unlikely that they could have arisen from the accidental excitation of receptors in distant areas of unanajsthetized skin. All this is taken to show that muscle afferents do contribute to kinaesthesia, but does nothing to show which ones among them do so.
(5) The obstruction of a voluntary movement of a digit with anaesthetized joints was readily detected by the subject provided that the attempted movement was sufficiently large. This is not now surprising, since obstruction must change the pattern of muscle afferent firing. Previous experiments, however, suggested that such an obstruction was not detected and that the subject believed that he had still achieved the movement. This fitted in with the idea that a sensation of movement may be produced by "corollary discharges" despatched from somatic motor areas to sensory areas at the same time as motor commands are despatched to lower centres; this is thought to occur for the oculomotor system. But on making the whole arm anoxic, thus paralysing all the muscles which move the finger as well as the joints, the subject lost his sensation of the occurrence of a movement a little before his ability to make a movement. This is probably because the afferent fibres are affected before the motor fibres, and it shows that acting on their own any corollary discharges from somatic motor areas are unable to induce a sensation of movement. There seems, however, to be no tendency to experience illusions of movement under conditions in which spindle firing may be presumed to be increasing as a result of fusimotor activity. This suggests that corollary discharges do exist and serve to modify the kinsesthetic actions of muscle afferent signals in the light of what the motor system is attempting.
